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Gem GTPase is a member of a protein family that
includes Rad, Rem and Rem2. Although until
recently precious little was known about the func-
tion of Gem, recent studies have revealed that Gem
may influence cell morphology by antagonising the
actions of the Rho GTPase effector protein ROCK I.
Within the Ras superfamily of small GTPases, Gem,
Rad, Rem and Rem2 comprise a subfamily that has
been given the name RGK for Rad/Gem/Kir, Kir being
the mouse orthologue of Gem. Sequence alignments
show that Rem2 is the most divergent family member,
with Gem and Rad being the most highly related
(Figure 1). RGK proteins have several distinct features:
non-conservation of residue 84, the equivalent of glycine
12 in Ras, resulting in low GTPase catalytic activity;
extensions at both termini, including a carboxy-termi-
nal calmodulin-binding domain; and a lack of carboxy-
terminal motifs that direct prenylation, normally required
for membrane association. Furthermore, the region
equivalent to the Ras effector-binding domain (Ras
residues 32–40) is not conserved and varies consider-
ably within the RGK family, suggesting that individual
family members may interact with different subsets of
downstream signalling proteins and each may have
unique biological functions.
In contrast to proteins from the relatively well char-
acterised Ras and Rho families, the function of the Gem
GTPase has been obscure. A hint about its function
came from an early study in which mouse Gem was
expressed in the yeast Saccharomyces cerevisiae [1].
Although yeast lacks a Gem orthologue, expression of
Gem induced invasive pseudohyphal growth, a process
which involves rearrangements to the actin cytoskele-
ton [2]. This might be a non-specific response, but alter-
natively Gem may interact in yeast with an effector
pathway analogous to one present in higher eukary-
otes. These results suggested that one genuine Gem
function might be to modify cytoskeletal structures.
Recent studies using neuroblastoma cells as a model
system have revealed a signalling pathway through
which Gem may influence the cytoskeletal architecture.
During the development of the nervous system, neurons
respond to environmental cues that promote either the
outgrowth or withdrawal of small projections called
neurites, which form dendrites in the fully developed
nervous system. The extension or retraction of neurites
results from rearrangements to the actin cytoskeleton,
regulated principally by proteins of the Rho GTPase
family [3,4]. Leone et al. [5] found that expression of
Gem in N1E-115 or SH-SY5Y neuroblastoma cells
shifted the population towards a flattened morphology
with an increased number of neurites. 
Previous studies showed that, in neuroblastoma
cells, signalling through RhoA and its downstream
effector serine/threonine kinases ROCK I (ROK β) and
ROCK II (ROK α or Rho kinase) is necessary and suffi-
cient for ligand-induced neurite retraction, and that
inhibition of ROCK function is sufficient to induce
neurite outgrowth [6]. Consistent with the possibility
that the effects of Gem on cell morphology and neurite
outgrowth worked by antagonising Rho/ROCK sig-
nalling, Gem was found to reverse neurite retraction
induced by ROCK I [5]. 
Interestingly, substitution of serine 89 by asparagine
did not alter Gem’s ability to block ROCK I-induced
neurite retraction; the equivalent substitution of Ras
residue 17 reduces its affinity for GTP without affect-
ing GDP binding [7], so the implication is that Gem
does not necessarily work as a typical GDP/GTP-
regulated molecular switch. The influence of Gem on
the actin cytoskeleton may instead be determined by
the level of Gem protein in a given cell, by phosphory-
lation status [8], or by binding to calmodulin [9] or
14-3-3 proteins [10].
Further examination of the connection between
Gem and ROCK by Ward et al. [11] revealed that
neurite retraction in N1E-115 neuroblastoma cells
induced by ROCK I, but not by ROCK II, was reversed
by Gem. In contrast, Rad robustly antagonised the
effect of ROCK II on cell morphology, but only weakly
affected ROCK I-induced neurite retraction. These
Current Biology, Vol. 12, R496–R498, July 23, 2002, ©2002 Elsevier Science Ltd. All rights reserved. PII S0960-9822(02)00968-5
Abramson Family Cancer Research Institute, BRB II/III, 421
Curie Blvd., University of Pennsylvania, Philadelphia,
Pennsylvania 19104, USA. 
E-mail: molson@mail.med.upenn.edu
Figure 1. Gem belongs to a family of related GTPases.
Sequences of human RGK proteins Gem, Rad, Rem and Rem2,
as well as H-Ras and RhoA were analysed using MultAlin version
5.4.1 (http://prodes.toulouse.inra.fr/multalin/multalin.html) [19]
and the results displayed as a radial tree phenogram.
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results are surprising as, other than the specific
involvement of ROCK I in apoptotic membrane blebbing
[12], no functional differences have been previously
reported between the two ROCK kinases. Two-hybrid
analysis in yeast showed that the Gem-binding domain
of ROCK I is distinct from the Rho-binding domain, so
simple competition between Rho and Gem likely does
not account for inhibition of ROCK I. Reciprocal exper-
iments showed that neurite retraction induced by
expression of ROCK I without the Gem-binding domain
was not inhibited by Gem, and that Gem-induced cell
flattening could be blocked by co-expression of the
Gem-binding domains of ROCK I or ROCK II, suggest-
ing that Gem’s selectivity for ROCK I over ROCK II
requires additional domains.
How might Gem antagonize ROCK I signalling? The
activity of immunoprecipitated ROCK I was reported
to be unaffected by co-expression of Gem, indicating
that Gem does not induce a modification that reduces
the specific activity of the kinase. An alternative pos-
sibility is that binding to Gem alters the subcellular
localisation of ROCK I such that it is no longer in the
same cellular compartment as active Rho. Indeed,
Gem has been shown to be associated with the
microtubule and actin cytoskeleton [13], while RhoA is
either cytosolic or associated with the plasma membrane
[14]. This is analogous to the Ras-induced re-distribu-
tion of ROCK I and ROCK II from a Rho-enriched
detergent-soluble fraction to a Rho-impoverished
detergent-insoluble fraction, which results in a loss in
actin stress fibres in fibroblasts [15].
A further possibility is that Gem expression alters
the substrate specificity of ROCK I, either by affecting
intrinsic properties of the kinase, or more likely by
directing the kinase to subcellular compartments in
which some typical substrates are not found. Consis-
tent with this possibility, Gem expression was found
to reduce ROCK I-mediated phosphorylation of the
regulatory myosin light chain and the myosin-binding
subunit of the myosin light chain phosphatase,
without apparently affecting LIM kinase 1 phosphory-
lation and activation [11]. Might this change in substrate
specificity account for the ability of Gem to antagonise
ROCK I-induced neurite retraction? Although active
LIM kinase 1 alone was not sufficient to induce neurite
retraction [16], expression of myosin light chain with
phospho-mimetic mutations at residues threonine 18
and serine 19 was sufficient to induce neurite retrac-
tion and cell rounding that were insensitive to Gem
[11]. So only some ROCK I substrates are critical for
neurite retraction, and Gem appears to interfere with
ROCK I targeting to these substrates while allowing
access to others.
Given that the effects of Gem on ROCK I have been
determined using transient over-expression methods,
many questions remain regarding the physiological
role of Gem. As both ROCK I and ROCK II have been
reported to be ubiquitously expressed — including in
the central nervous system, where ROCK II was actu-
ally found to be the predominant form in the adult rat
brain [17] — how does the effect of GEM on ROCK I
alter signalling downstream of Rho, when ROCK II sig-
nalling should theoretically be unaffected? Similarly,
although Gem was able to antagonise the actions of a
constitutive ROCK I signal, it remains to be determined
whether Gem affects ROCK signalling following the
sort of rapid and transient activation of Rho observed
following ligand stimulation [15]. Finally, the impor-
tance of other potential effector proteins — including
the kinesin-like protein KIF9 [13], the b-subunit of the
L type Ca2+ channel [18] and possibly 14-3-3 proteins
[10] — in mediating Gem’s actions must be estab-
lished. Further digging should uncover a treasure-
trove of valuable information that will enrich our
understanding of Gem function.
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Figure 2. Gem signal transduction pathways.
(A) RhoA activates the serine/threonine kinases ROCK I and
ROCK II. Gem interferes with the ability of ROCK I to phospho-
rylate a subset of substrates including the myosin light chain
(MLC) and myosin binding subunit (MBS) of the myosin light
chain phosphatase, without affecting ROCK I phosphorylation
and activation of LIM Kinase 1 (LIMK1). As a result, Gem blocks
ROCK I-induced neurite retraction in N1E-115 neuroblastoma
cells. (B) Proteins reported to work downstream of Gem include
ROCK I [11], the kinesin-like KIF9 [13], the β-subunit of the
L-type Ca2+ channel [18] and possibly 14-3-3 proteins [10].
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